Abstract-This paper proposes an extended state observer (ESO) based second-order sliding-mode (SOSM) control for three-phase two-level grid-connected power converters. The proposed control technique forces the input currents to track the desired values, which can indirectly regulate the output voltage while achieving a user-defined power factor. The presented approach has two control loops. A current control loop based on an SOSM and a dclink voltage regulation loop which consists of an ESO plus SOSM. In this work, the load connected to the dc-link capacitor is considered as an external disturbance. An ESO is used to asymptotically reject this external disturbance. Therefore, its design is considered in the control law derivation to achieve a high performance. Theoretical analysis is given to show the closed-loop behavior of the proposed controller and experimental results are presented to validate the control algorithm under a real power converter prototype.
reason, the control objectives for this application are to maintain the dc-link voltage regulated to a certain reference, supply a desired reactive power, and draw grid currents with the lowest possible harmonic distortion.
There are many approaches to develop the control law for this system. Earlier solutions were linear regulators such a the one proposed in [8] . It changes the modulation index slowly to regulate the dc-link capacitor voltage. Therefore, its main disadvantage is that it presents a slow dynamical response. A faster response can be obtained using a deadbeat current control [9] . However, it is well known that it is highly sensitive to the parameter uncertainties. In general, these approaches define an operating point and then work with a small-signal linearized model around it. This is a drawback because they cannot guarantee stability against large signal disturbances for the large range of operating conditions of the three-phase PWM converter due to the fact that AFE are nonlinear systems. Furthermore, the controller implementation requires the system parameters that depend on the operating points, otherwise it may result in steady state errors in the state variables. On the other hand, in light of the strong nonlinearity of AFE, nonlinear control algorithms may be suitable for controlling the power converters, which are able to accommodate a wide range of operating conditions. The main reason is that there is no need to have a linear model of the power converter for a nonlinear controller design.
Several nonlinear control approaches have been proposed for grid-tied power converters, such as nonlinear adaptive control [10] , passivity-based control [11] , model predictive control [12] , and sliding-mode control (SMC) [13] [14] [15] [16] [17] . Among these techniques, SMC is suitable for dealing with the nonlinear behavior of the considered system due to its characteristics of insensitivity to external disturbances, system reduction, high accuracy, and finite time convergence [18] , [19] .
SMC has been developed as a new control design method for a wide spectrum of systems including nonlinear, time-varying, and fault tolerant systems [20] [21] [22] . SMC can manage the nonlinear behavior of the three-phase grid-connected power converter. Besides, it is characterized to be a robust and effective control strategy. However, as per authors knowledge, proposed SMC strategies have only considered the control of the input current in the sliding mode [14] [15] [16] [17] . In general, these works use a proportional integral (PI) controller for the dc-link capacitor voltage regulation. This approach achieves robustness of the input current control, but cannot guarantee robustness of the output voltage control since they are derived using approximations and linearizations. To solve this issue, extended state observer (ESO) based control strategies are proposed for the voltage control design to reject disturbances and uncertainties [23] , [24] . ESO is an efficient technique for disturbance estimation, which regards the lumped disturbances (such as parametric uncertainty, unmodeled dynamics, and load variation) as a new state. However, only simulation results are provided in both works and the stability analysis of the closed loop system taking into account the modeling uncertainties is not performed.
In this paper, a model-based second-order sliding mode (SOSM) control for three-phase grid-connected power converters is proposed. The controller design is based on the system model and has a cascaded structure that consists of two control loops. The outer loop regulates the dc-link capacitor voltage and the power factor providing the current references for the inner control loop. The current control loop tracks the actual currents to their desired values.
To design the proposed controller, the load connected to the dc-link capacitor is considered as a disturbance, which directly affects the performance of the whole system. Thus, a composite control law consisting of the SOSM based on a super-twisting algorithm (STA) and disturbance compensation via ESO is developed for the voltage regulation loop. The current control loop is also designed using the STA. The STA is one of the most popular SOSM algorithms and a unique absolutely continuous sliding mode algorithm, ensuring all the main properties of a first-order SMC for systems with Lipschitz continuous matched uncertainties/disturbances with bounded gradients [25] .
Compared to [23] , this paper incorporates the modeling uncertainties into the design of ESO and SOSM algorithms. The sliding surface is designed ensuring the finite time asymptotic convergence of the sliding variables to its desired values in the presence of parametric uncertainties. In addition, this paper provides theoretical study of the stability issue and solves it by the Lyapunov method.
To show the benefits of the proposed controller, it can be compared with some conventional control strategies such as PI synchronous reference frame (PI-SRF) or proportional plus resonant (PR) controllers. The PI-SRF is considered as the standard control method in the industry for this system and has been finally selected as the baseline controller. It should be noticed that the PR controller is also a linear control. Besides, when PR is adopted, a simple PI regulator is usually employed for the outer control loop. Therefore, it is expected that the proposed ESO-SOSM provides the same improvements as for the PI-SRF. That is, better transient response and improved system performance under a load step. The performance of the proposed control is compared with a well-tuned conventional PI-SRF controller. The results show that the performance of the designed controller presents a faster dynamic behavior while maintaining a lower total harmonic distorsion (THD) value in the steady state and improves the system performance under a load step. The validity of the proposed control algorithm has been verified by experimental results for a 3.0 kVA insulated gate bipolar transistor PWM power converter using a TMS320F28335 digital signal processor (DSP).
The paper is organized as follows. In Section II, the mathematical model for a three-phase two-level grid-connected power converter is presented. Section III shows the design of the pro- posed SOSM controller for the inner and outer control loops. It also includes the ESO design for estimating the load disturbances. Experimental results comparing the performance of the proposed SOSM control with the conventional PI-SRF controller are discussed in Section IV. Finally, conclusions are drawn in Section V.
II. PROBLEM FORMULATION

A. Dynamic System Model
The electrical circuit of the three-phase two-level gridconnected power converter under consideration is shown in Fig. 1 . The system is connected to the grid through a smoothing inductor L with a parasitic resistance r. It is assumed that an equivalent resistive load R L is connected at the dc-link capacitor C. The load is considered as an unknown external disturbance.
The grid current and dc-link capacitor voltage dynamics can be written in a dq SRF rotating at the grid frequency [26] . Assuming that grid voltages are balanced, then the system model is From the control point of view, working on the dq SRF has the advantage of reducing the current control task into a set-point tracking problem. It should be pointed out that the amplitude of the control vector is constrained due to the fact that only implementable control vectors are contained in an area limited by the well-known hexagon. Therefore, it is necessary to consider the constraint δ dq ≤ √ 2, which implies that the switching function stays unsaturated if its magnitude is not larger than √ 2. This is a conservative approach but ensures the system operation.
B. Modeling Uncertainties
In practical applications, the system modeling is usually obtained under several assumptions, e.g., ignore the switching losses, in order to simplify the control design. However, such models are not exact, and may vary from the real system behavior under some operation conditions. Therefore, a controller should be designed to be robust against any modeling parametric uncertainties. For this reason, parametric uncertainties, i.e., smoothing inductor L, parasitic phase resistance r, and the angular frequency of the grid ω, are fully considered and included into the model such that the control robustness is guaranteed. These parameters are formalized as follows:
where L 0 , r 0 , and ω 0 are the nominal values and ΔL, Δr, and Δω are the parametric uncertainties that can be considered as unknown slow variant signals.
C. Control Objectives
The control objectives for three-phase two-level gridconnected power converters are as follows.
1) The currents i d and i q should track their references i * d and i * q , respectively. The reference value i * d is calculated in such a way that the dc-link capacitor voltage is regulated to a certain value. The reference value i * q is set to provide a desired instantaneous reactive power
2) The dc component of the dc-link capacitor voltage should be driven to some reference value V * dc
III. CONTROL DESIGN
In three-phase two-level grid-connected power converters, there exist different kinds of disturbances, such as parameter uncertainties and load variations. If the controller does not have enough ability to reject these disturbances then they will degrade the performance of the closed loop system. A cascade control structure is used to govern the system (1)-(3). The controller consists of a current tracking loop, inner loop, and an ESO-based voltage regulation loop, outer loop. For the current tracking loop, an STA controller is designed which ensures fast convergence of the currents i d and i q to their references i * d and i * q , respectively. For the voltage regulation loop, an ESO is used to estimate the load power, which is considered as an external disturbance. Besides, an STA controller is implemented in parallel to regulate the dc-link capacitor voltage to its desired value using the estimate of the disturbance. First, the basics of the STA will be briefly discussed. Second, the design of both control loops will be presented.
A. Super-Twisting Algorithm
The sliding mode design approach consists of two steps. The first step considers the choice of a sliding manifold that provides a desired performance in the sliding mode. The second step concerns the design of a control law, which will force the system states to reach the sliding manifold in finite time; thus, the desired performance is attained and maintained. This part discusses the STA in a general case for a single input nonlinear system.
Consider a nonlinear systeṁ
where x ∈ X ⊂ R n is the state vector, u ∈ U ⊂ R is the input, s(t, x) : R n +1 → R is the sliding variable, and a(x) and b(x, u) are smooth uncertain functions.
The control objective is to force s and its time derivativeṡ to zero. By differentiating the sliding variable s(t, x) twice, the following relations are derived:
Assuming that the sliding variable s has relative degree one with respect to the control input u, i.e., 
Under the conditions (11) and (12), the following differential inclusion can be obtained:
In the sequel, a control law based on the STA is designed. It consists of two terms, one is the integral of its discontinuous time derivative while the other is a continuous function of the available sliding variable s
where α and λ are design parameters that can be determined from the boundary conditions (11) and (12). The sufficient conditions for the finite time convergence to the sliding manifold
Remark 1: In the case of relative degree one systems, a traditional first-order sliding mode could also be applied. However, motivated by the chattering elimination aim, a super-twistingbased control is employed, which means that the control signal u is continuous and chattering is avoided.
B. Extended State Observer
According to the control objective (6), the outer control loop is designed to regulate the output capacitor voltage to its reference value V * dc . For the system (1)-(3), the current dynamics are much faster than the dc-link capacitor voltage dynamics [28] . Under this condition, it can be considered that i d ∼ = i * d and i q ∼ = i * q . Based on the singular perturbation theory [29] , if the fast dynamics are stable then (3) will be reduced to
where
q and p load = V dc i load . It should be noted from (18) that p load can be considered as an external disturbance. This paper proposes to design an ESO to estimate the disturbance asymptotically. Then, it will be injected into the control design. Unlike traditional observers, such as Luenberger observer [30] , high-gain observer [31] , and unknown input observer [32] , ESO regards the disturbances of the system as new system states that are conceived to estimate not only the external disturbances but also plant dynamics [33] .
To design the ESO, the new variable
with d(t) = p load . A linear ESO is given by
where the positive gains β 1 and β 2 are chosen such that the polynomial
is Hurwitz stable. Therefore, its natural frequency ω n and damping ratio ξ are
Denote the observation errors z = z −ẑ and d = d(t) − d(t), the error dynamics are given by
where h(t) =ḋ(t) is the variation rate of load power. The systems (25) and (26) can be written as follows:
, and ψ = 0 h(t) T .
Lemma 1:
Suppose that h (t) is bounded, there exist a constant δ > 0 and a finite time T 1 > 0 such that the trajectories of the system (27) are bounded, ≤ δ ∀t ≥ T 1 > 0. Proof: Proof of Lemma 1 is given in Appendix A. Remark 2: In view of (25) and (26) , the parameters β 1 and β 2 determine the bandwidth of the ESO, i.e.
Generally speaking, the larger the ESO bandwidth, the more accurate will be the estimation achieved. However, this increases the noise sensitivity due to the augment of the bandwidth. The function h(t) represents the rate of change of the load power. If this value is quite large then it means that the load power changes very rapidly. In this case, the observer bandwidth needs to be sufficiently large for an accurate estimate of d(t). Therefore, the selection of β 1 and β 2 should balance between the estimation performance and the noise tolerance.
C. Capacitor Voltage Regulation Loop
Define the regulation errorz = z * − z with z
Notice that the perturbation d(t) is an unknown time varying variable. The proposed ESO-based STA controller for the voltage control loop is given by
in which μ dc (z) is the STA that takes the following form:
with some positive constants λ dc and α dc . Substituting (30) into (29) yields
It can be easily obtained from Lemma 1 that
with A = λ max (A T A) and F d is a positive value. The sufficient conditions for the finite time convergence to the sliding manifoldz =ż = 0 are [27] 
The block diagram of the ESO-based voltage regulation loop is shown in Fig. 2 .
D. Current Tracking Loop
The objective of the inner control loop is to force i d and i q to their references i * d and i * q , respectively. The reference current i * d is computed from the output of the outer control loop and is calculated to achieve the dynamic voltage regulation. The reference current i * q is set to provide a desired instantaneous reactive power q * . Therefore, the current references are calculated as
The sliding mode variables for the current control are defined as
Taking the first time derivative of
In order to satisfy the saturation constraint, the controllers δ d and δ q are designed as follows:
and μ q (s q ) are STAs that are in the form
with some positive constants λ i , α i , and i ∈ {d, q}, and σ(x) is a saturation function. Theorem 1: Consider the system (1)- (3) in closed loop with the saturated controllers (40) and (41). This yieldṡ
The state trajectories of the system (46) and (47) 
and
where γ 0 , γ d , and γ q are positive constants and E is the amplitude of the grid source. Proof: Proof of Theorem 1 is given in Appendix B. Remark 3: It should be noted that the cross-coupling terms and the source voltage are compensated by (40)-(43). However, (42) and (43) require the information of the derivative of i * d and i * q . Usually, these values are zero during the steady state and only affect the system performance slightly during the transient state. Therefore, these terms are neglected in the final control law. Similarly, parameter r 0 is very small in order to reduce system losses. Moreover, this parameter is usually unknown and its use is also avoided. Taking into account these considerations, the block diagram for the current tracking control loop is shown in Fig. 3 , where u dq = V dc δ dq . 
IV. EXPERIMENTAL RESULTS
In order to demonstrate the feasibility of the proposed control algorithm, practical results have been performed, comparing the proposed ESO-based SOSM control to a well-tuned linear conventional PI-SRF regulator. The PI-SRF is considered as the standard control method for this system and has been selected as a baseline controller. The electrical parameters of the power converter, dc-link voltage reference, and switching and sampling frequencies for the experimental setup are summarized in Table I. The power converter prototype used for the experiment is shown in Fig. 4 . A digital implementation of both current and dclink voltage control algorithms is executed in a TMS320F28335 floating point DSP board. Two sets of experiments are carried out. The first one consists of a load step at dc-link from no load to full load (3.125 kW). To perform the experiment, the capacitor voltage reference is set to 750 V and a 180 Ω resistive load is suddenly connected to the dc-link. The second test focuses on the reactive power tracking ability. For this purpose, an instantaneous reactive power command step is carried out. Measurements of dc-link voltage, phase voltages and currents, harmonic contents of currents, active power, reactive power, and power factor have been taken.
The parameters of the PI-SRF and ESO-SOSM controllers are presented in Table II . They are chosen so that the current dynamics are much faster than the capacitor output voltage dynamics. It should be noticed that a phase locked loop is also implemented in the digital platform in order to work in the SRF [34] . , α dc , β 1 , β 2 ) 3, 750, 3, 300 Current tracking loop (λ d , α d , λ q , α q ) 85, 20 000, 85, 20 000 
A. Load Step at dc-Link
The first test consists of evaluating the proposed controller performance under a load step at the dc-link capacitor. Fig. 5 shows the transient response of the dc-link capacitor voltage for a load step from no load to a load composed by a resistor of 180 Ω. Three waveforms are presented. Fig. 5 (a) corresponds with the conventional approach with a PI-SRF controller. Fig. 5(b) shows the result achieved with the proposed ESO-SOSM algorithm and Fig. 5(c) shows the result associated with the PI-SRF but with increased bandwidth of the controller. Both control laws can achieve the dc-link capacitor voltage regulation. Comparing Fig. 5(a) with Fig. 5(b) , the settling time is roughly the same when PI-SRF and ESO-SOSM are used but the last one reduces the dc-link capacitor voltage drop. The PI-SRF results in a voltage drop of 45 V while in the case of the ESO-SOSM approach this is only 22 V. Therefore, the proposed controller reduces the dc-link capacitor voltage drop under a load step in 48.9%. Clearly, the ESO-SOSM requires less energy from the dc-link capacitors compared with the PI-SRF. Same dc-link voltage drop can be achieved with the PI-SRF but it is necessary to increase the outer controller bandwidth. It is possible to do this, but it is well known that increasing the bandwidth of the outer control loop in the conventional PI-SRF affects the grid current harmonic content. Table III presents the current THD computed up to 50th harmonics for the three situations. Clearly, the ESO-SOSM allows us to achieve a better transient response while maintaining a low THD in the steady state. should be noticed that i * d comes from the outer control loop. Therefore, the ESO introduced in the control law provides a clear improvement compared with the conventional approach that only considers a PI for the dc-link voltage regulation.
B. Reactive Power Command Step
The second experiment assesses the control law capability to provide a desired amount of reactive power. To do so, an instantaneous reactive power command step is introduced from 0 to 3 kvar. The system response is evaluated for both the PI-SRF and ESO-SOSM controllers. Fig. 7 presents the transient state for the experimental results achieved by the PI-SRF and Fig. 8 shows the corresponding one to the ESO-SOSM. As expected, both controllers provide the desired reactive power. However, the dynamic response for the ESO-SOSM is faster than that for the PI-SRF. Most interesting is the steady state behavior. Fig. 9(a)-(c) shows the steady state features for the PI-SRF controller. Fig. 9(a), (b) , and (c) shows the grid currents, the current spectrum, and information about the active power, reactive power values, and the power factor, respectively. On the other hand, Fig. 9 (e) and (f) presents the same information in the case of the ESO-SOSM approach. Comparing the grid spectrum in Fig. 9(b) and (e), the ESO-SOSM controller has better performance. Particularly, the 5th and 7th harmonics are reduced compared with the PI-SRF results. Furthermore, the current THD is 1.2% for the ESO-SOSM and 1.7% for the PI-SRF. This supposes a reduction of 29.4% when the ESO-SOSM approach is used in the same power converter prototype.
V. CONCLUSION
The SOSM technique is a promising alternative for the control of three-phase two-level grid-connected power converters due to its features of robustness and effectiveness for the nonlinear systems. Considering the dynamics of the output voltage, the load connected to the dc-link capacitor was regarded as a disturbance for the voltage control loop, which directly affected the performance of the whole system. To improve the disturbance rejection ability, a composite control law consisting of SOSM based on the STA and disturbance compensation via ESO was proposed for the voltage regulation loop. With the disturbance compensation using ESO, the gains of the STA for the outer control loop were reduced without decreasing the settling time and reducing the dc-link capacitor voltage drop. The current loop was designed to track the current references in the presence of system parameter uncertainties using the STA. Experimental results demonstrated that the proposed ESO-SOSM controller performed better than that of the the conventional PI SRF control. The power converter operated with the proposed algorithm achieved a less dc-link voltage drop under a sudden load step, shorter settling time, and better grid current quality in terms of lower THD and reduced values of low-order harmonics content.
APPENDIX A Proof of Lemma 1
Solving (27), one has (t) = e (t−t 0 )A (t 0 ) + 
It follows from (53) that ≤ δ, ∀t ≥ T 1 > 0, where δ is a positive constant that depends on k, β, and the upper bound of ψ (τ ) .
APPENDIX B Proof of Theorem 1
The proof is divided into two parts. First (1)- (3) is a physical system, thus it is reasonable to assume that the variables ϕ d (t) and ϕ q (t) and its time derivatives are bounded functions:
with some positive constants γ d and γ q . Taking into account that
for some scalar 0 < γ 0 < 1. Then, according to [27] , the trajectories of the system (46) and (47) will converge to s d =ṡ d = 0 and s q =ṡ q = 0 in finite time when the controller gains satisfy conditions (50). Case 2: According to [35] , the sufficient condition for the control vector δ dq to enter into the circle of radium √ 2 (i.e., δ dq ≤ √ 2) is that V * dc satisfies the condition (51). Thus, Theorem 1 is proved.
